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AL   Actinic light 
BL   Blue light 
BN-PAGE  Blue native-PAGE 
CBB   Coomassie Brilliant Blue 
CEF   Cyclic electron flow 
Chl   Chlorophyll 
Cyt b6f   Cytochrome b6f complex 
α-DM   n-dodecyl-α-D-maltoside 
-DM   n-dodecyl--D-maltoside 
ETR   Electron transport rate 
Fd   Ferredoxin 
FNR   Fd-NADPH reductase 
FQR   Fd-dependent PQ reduction 
FR   Far red light 
Fs   Steady-state chlorophyll fluorescence 
Fv/Fm   Maximal photochemical quantum yield of PSII 
LEF   Linear electron flow 
LHC   Light-harvesting chlorophyll-binding protein 
ML   Measuring light 
PGR (L)  Proton gradient regulation (like) 
PS   Photosystem 
NDH   NAD(P)H dehydrogenase 
NPQ   Non-photochemical quenching 
OEC   Oxygen-evolution complex 
OEC33   OEC 33 kDa protein 
PQ   Plastoquinone 
p-Thr   Phosphothreonine 
PS   Photosystem 
ROS   Reactive oxygen species 
SDG   Sucrose density gradient 
St   State 
TEM   Transmission electron microscopy 
TRFS   Time-resolved fluorescence spectra 
ФII   PSII quantum efficiency
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General Introduction 
 
 
 
Heat Stress Response in Plants 
 
Acclimatization to various environmental changes is essential for plants to survive in 
nature because they cannot move freely like animals. Environmental stresses such as 
drought, salinity, high light intensity, cold, and heat inhibit plant growth and production. 
High temperatures associated with recent climate change are particularly a major 
environmental constraint for plant activity. 
 Heat stress inhibits plant growth and reduces crop production. It has been 
reported that an approximate decrease of 17% in crop yield occurs for each degree 
increase in growing season temperature (Lobell and Asner 2003). At high temperature 
thresholds, there are adverse effects on plant life cycles such as seed germination, 
seedling and vegetative growth, flowering and fruit set, and fruit ripening, are adversely 
affected (Wahid et al. 2007). Therefore, understanding the heat stress response by plants 
is imperative to maintaining global food production in the future. 
 
Heat Damage to Photosynthesis 
 
High temperature is also a critical factor in determining photosynthetic activity because 
extreme temperature damages photosynthetic apparatus both directly and indirectly. 
Photosynthesis, which includes photochemical reactions as well as carbon assimilation, is 
a very heat-sensitive process (Sharkey and Zhang 2010). In carbon assimilation process 
occurring in stroma (Scheme 1; upper panel), Rubisco activase is an enzyme that 
maintains Rubisco in an active state and is highly sensitive to heat denaturation. 
Inactivation of Rubisco activase leads to a limitation during carbon assimilation (Eckardt 
and Portis Jr 1997). At higher temperature, reduction of photosynthetic activity is also 
accompanied by photosystem damage.  
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Heat Stress Response of Two Photosystems 
 
Photosystems in higher plants is driven by electron transport through the photochemical 
reaction centers photosystem (PS) II and PSI, transmembrane protein complexes located 
in thylakoid membranes (Scheme 1). The grana region, which has stacked thyalkoids, are 
mostly abundant in PSII, while PSI is predominant in stroma lamellae and grana margins 
(Anderson 1981)(Scheme 1; lower panel). It is well known that PSII is much more 
susceptible to high temperature than PSI (Berry and Bjorkman 1980). Early studies in 
regard to the heat-derived damage of PSII focused on the direct effects on PSII 
components. These studies found that the oxygen-evolution complex (OEC) is the main 
target of heat stress (Nash et al. 1985; Enami et al. 1994; Yamane et al. 1998). Recent 
research has suggested that the indirect effects of heat stress also cause damage to PSII 
that is quite similar to that induced by excessive illumination involving reactive oxygen 
species (ROS). Namely, ROS damages D1 protein (Yamamoto et al. 2008) and inhibits 
the repair of photodamaged PSII by suppressing the synthesis of D1 proteins de novo 
(Murata et al. 2007). Furthermore, the OEC can be inactivated by ROS generated by heat 
treatment through lipid peroxidation (Yamashita et al. 2008; Yamauchi et al. 2008; 
Yamauchi and Sugimoto 2010). In contrast, PSI is known to be more tolerant to heat 
stress than PSII. Moderate heat stress around 40°C stimulated PSI activity although PSII 
activity was apparently inhibited (Havaux et al. 1991).  
 
Changes of Electron Flow in Response to Heat Stress 
 
The electron flow in thylakoid membranes is known to be influenced by temperature. 
Under normal conditions, electrons picked from water molecules in PSII linearly flow to 
PSI, finally generating NADPH, which is called “linear electron flow (LEF)” (Scheme 
2a). The electron transport rate was critically inactivated around 40°C (Yamasaki et al. 
2002). Part of the decrease in the linear electron flow can be explained by the activated 
cyclic electron flow (CEF) (Bukhov et al. 1999), which mediates the incorporation of 
stromal reducing power into the thylakoid membrane (Scheme 2b). In Arabidopsis, CEF 
consists of two pathways, a NAD(P)H dehydrogenase (NDH) pathway (Peng et al. 2009) 
and an antimycin A-sensitive ferredoxin-quinone reductase (FQR) pathway (DalCorso et 
al. 2008). Moreover, under a high temperature condition, the backflow of electrons from 
stroma to PSII occurs only at a slow rate. This is assigned as the “AG band” that is 
observed by thermoluminescence analysis around 40°C (Miranda and Ducruet 1995). 
Taken together, these findings indicate that disturbance of the electron flow that occurs 
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under moderate heat stress may be an important factor that determines the heat-derived 
damage of photosystems. 
 
Alleviation of Heat-induced Damage under Light Condition 
 
Light condition is a critical factor determining their existence under high temperature for 
many plant species. Photosystems of higher plants alleviate heat-induced damage in the 
presence of light under moderate stressed condition; however, in the absence of light (i.e., 
in the dark), the same plants are damaged more easily (Yamauchi and Kimura 2011). 
Although many studies have reported the PSII damage under the combined conditions of 
heat stress and high light intensity, which tend to cause photoinhibition at the same time, 
there are few reports about heat-derived damage to PSII, for which the detailed 
mechanisms are unknown. In addition, it is unclear how the plant photosystems avoid the 
heat damage in the presence of light. Therefore, it is required to investigate heat damage 
to PSII in higher plants isolated under light stress and alleviation of PSII damage by light 
is explained by comparing it with PSII damage by heat. 
 
Thermal Dissipation Induced under Environmentally Stressful 
Conditions 
 
A change in energy transfer in photosystems is believed to alleviate heat-induced damage. 
One of these photoprotective processes is thermal dissipation (Sharkey 2005). This 
process is enhanced to protect photosynthesis against oxidative damage under various 
environmentally stressful conditions, such as light stress (Demmig-Adams et al. 1995) 
and salinity stress (Brugnoli and Björkman 1992). This phenomenon has been extensively 
studied under high light stress. Previous studies have shown that PsbS protein is required 
for thermal dissipation processes to protect PSII from photoinhibition, along with a low 
lumen pH and de-epoxidized xanthophylls in higher plants (Li et al. 2002; Niyogi et al. 
2005). Thermal dissipation is also important in response to heat stress (Havaux and Tardy 
1996). The light-driven CEF plays a protective role from PSII inactivation under 
heat-stress condition. A proton gradient through the thylakoid membrane formed by CEF 
induces the xanthophyll cycle-dependent thermal dissipation (Havaux and Tardy 1996).  
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Differences in State Transitions between Chlamydomonas and 
Arabidopsis Induced by Changing Light Conditions 
 
State transitions, which idea has established since 1969 (Murata 1969), is also known as 
photoprotective process through a change in energy distribution in photosystems. It is a 
well-studied phenomenon that occurs in changing light conditions in photosynthetic 
organisms such as higher plants, cyanobacteria and green algae. State 1 is characterized 
by a higher quantum yield of fluorescence from PSII and a lower quantum yield of 
fluorescence from PSI. In contrast, the yield of fluorescence from PSI in state 2 is higher 
in comparison with that in state 1 (Allen and Forsberg 2001).  
 Many studies of the green algae Chlamydomonas (Chlamydomonas reinharditii) 
provide an advanced model for state transitions because 80% of the light-harvesting 
chlorophyll-binding protein (LHC) II is mobile during state transitions (Delosme et al. 
1996). This has enabled extensive biochemical experiments that are less feasible in higher 
plants where only 20-25% of LHCIIs migrate (Allen 1992). 
 In Chlamydomonas, state transitions are thought to be an acclimation response 
that redistributes excitation energy between PSII and PSI in the short term (Minagawa 
2011). In addition, several studies provide evidence for the implication of state transitions 
in the switch from LEF to CEF in Chlamydomonas (Finazzi et al. 2002; Wollman 2001). 
In contrast, it has been recently demonstrated that state transitions are a long-term 
acclimation to various natural light conditions in higher plants (Wientjes et al. 2013a). In 
addition, there is a report that state 2 is not correlated with promoting CEF in Arabidopsis 
(Arabidopsis thaliana), which is in contrast with the situation in Chlamydomonas 
(Pesaresi et al. 2009). Although many previous studies in higher plants have referred to 
the mechanism of state transitions in Chlamydomonas, these reported differences indicate 
the requirement to reveal the specific mechanism in higher plants. 
 
Established Mechanisms to Induce State Transitions in Higher Plants 
 
State transitions are triggered by changes in the redox state of the plastoquinone (PQ) 
pool. Reduction of PQ promotes the activity of Ser-Thr kinases STN7 and STN8, which 
are required for phosphorylation of LHCII and PSII core proteins respectively (Bellafiore 
et al. 2005; Vainonen et al. 2005). Phosphorylation of these thylakoid proteins initiates 
the subsequent migration of LHCII to PSI (state 1 to state 2 transition; Scheme 3).  
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State Transitions Induced by Heat Stress 
 
Thus, various environmental stressors in higher plants, including heat stress, tend to affect 
state transitions through a change in energy distribution between the photosystems 
(Nellaepalli et al. 2011). Moderate heat stress induces increased energy transfer to PSI at 
the expense of PSII (Ducruet et al. 2007) and migration of phosphorylated LHCII from 
grana stack to stroma lamellae (Mohanty et al. 2002), suggesting a state 1 to state 2 
transition, with LHCIIs migrating from PSII to PSI. However, there are a few reports on 
state transitions at high temperatures, for which the detailed mechanism is unknown. For 
example, the difference between light-induced state transitions and heat-induced state 
transitions are unclear. 
 
Outline of the Dissertation 
 
To elucidate the mechanism in detail of heat-derived damage to photosystems and the 
effect of light conditions on protecting photosynthesis, this study focused on the 
photochemical reactions regulating photochemical energy transfer in response to heat 
stress. In Chapter I, a better understanding of the heat-derived damage mechanism that 
occurs in the dark was obtained by focusing on the involvement of the light-independent 
electron flow that occurs at 40°C during the damage. The results revealed that 
light-independent heat damage at 40°C involved specific degradation of a D1 protein. In 
Chapter II, to assess the protective effects of light against PSII heat damage, the research 
focused on the regulation of photochemical energy transfer with structural and 
biochemical changes in thaylkoid membranes. In Chapter III, because the state 1 to state 
2 transition was observed under high temperature in the light, detailed analysis was 
performed to distinguish between light intensity-induced and heat stress-induced state 
transitions. Based on these findings, the contribution of light intensity-induced and heat 
stress-induced state transitions to maintain the photochemical reactions are discussed in 
the Conclusion. 
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Chapter I 
Damage to Photosystem II due to Heat Stress without Light-Driven 
Electron Flow in the Dark 
 
 
 
Introduction 
High temperature can damage photosystems in the absence of light. As demonstrated in 
this chapter, this phenomenon is likely to be widely observed among plant species. In this 
damage, the importance of the relationships among temperature, light condition, and 
photosynthetic electron flow in determining the damage to the photosystems have been 
noted in a series of studies (Havaux et al. 1991; Havaux 1996).  
 In this chapter, a detailed analysis of the heat-derived damage of PSII was 
carried out by focusing on the light-independent electron flow that was enhanced under 
the heat-stressed condition. Heat treatment in the absence of light revealed that D1 
protein was the main target and that this may be caused by the enhanced introduction of 
stromal reducing power into the thylakoid membrane and the over-reduction of 
plastoquinone (PQ). 
 
Materials and Methods 
Plant Materials, Heat Treatments, and Measurement of the Maximal 
Photochemical Quantum Yield of PSII 
 
Tested plants were grown on Jiffy-7 (Sakata Seed Co., Yokohama, Japan) in a growth 
chamber (12 h of light [100 µmol photon m
-2
 s
-1
], 25°C, Biotron LH-220S, Nippon 
Medical & Chemical Instruments Co. Ltd., Tokyo, Japan). Tested plants were wheat 
(Triticum aestivum), Arabidopsis (Arabidopsis thaliana, Col-0), maize (Zea mays), 
sorghum (Sorghum bicolor), tobacco (Nicotiana tabacum, Petite Havana SR-1), tomato 
(Solanum lycopersicum), and Brassica rapa. Seeds except Arabidopsis and tobacco were 
purchased from Sakata Seed. Arabidopsis and tobacco seeds were obtained from Lehle 
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Seeds (Round Rock, Texas, USA). Heat treatment was performed by transferring the 
plant materials to another growth chamber at 40°C with fluorescent light illumination 
(100 µmol photon m
-2
 s
-1
) or in the dark. The maximal photochemical quantum yield of 
PSII (Fv/Fm) was measured using a pulse-modulated fluorometer (Junior-PAM, Heinz 
Walz GmbH, Germany). The chemicals used were reagent grade from Wako Pure 
Chemical Industries, Ltd. (Osaka, Japan) except as noted. Arabidopsis T-DNA tagged 
mutants, lfnr (SALK_067668C), ndh-o (SALK_068922) were obtained from the 
Arabidopsis Biological Resource Center (Ohio State University) (Alonso et al. 2003). 
Loss of the coded proteins was confirmed by immunoblotting using anti-leaf-type 
ferredoxin (Fd)-NADPH reductase (FNR) (a generously gift from Professor T. Hase, 
Osaka University, Japan) and anti-chloroplastic NAD(P)H dehydrogenase (NDH)-O 
subunit antibody produced by short-peptide (Fig. 1-1). 
 
Preparation of Thylakoid Membranes and Measurement of 
Oxygen-Evolution Activity 
 
Wheat leaves were homogenized with 2 volumes of 20 mM Tricine-NaOH, pH 7.9, 0.4 M 
sucrose and 10 mM NaCl. The homogenate was filtrated with 2 layers of gauze, and then 
the filtrate was centrifuged at 1,000 g for 1 min. After the precipitate was discarded, the 
supernatant was centrifuged at 1,500 g for 7 min and then the resulting precipitate was 
used as thylakoid membranes. The oxygen-evolution activity was measured at 25°C using 
a Clark-type oxygen electrode (Rank & Brothers Ltd., UK) in 50 mM Mes-NaOH, pH 6.0, 
5 mM MgCl2, and 15 mM NaCl (MMN buffer) containing 5 µM MnSO4, 5 mM CaCl2, 
0.4 M sucrose, and 0.5 mM p-phenyl-benzoquinone as an electron acceptor. 
 
Chlorophyll Fluorescence Analysis 
 
A sample leaf detached from a dark-adapted plant was placed on a wet paper which the 
temperature was controlled using a heat block. After waiting for 5 min to equilibrate the 
temperature, chlorophyll fluorescence analysis was performed using the WinControl 
Program (version 3.1, Walz). Event sequence and light conditions were: measuring light 
on (0 min, 10 µmol photon m
-2
 s
-1
), saturating pulse (0.5 min, 10,000 µmol photon m
-2
 s
-1
), 
actinic light on (1.5 min, 190 µmol photon m
-2
 s
-1
), saturating pulse (5 min, 10,000 µmol 
photon m
-2
 s
-1
), actinic light off (6 min), and finally measuring light off. 
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Effect of Translational Inhibitors on Recovery of Heat-Damaged PSII 
 
Inhibitor solutions (cycloheximide or chloramphenicol for translational machinery in 
nucleus or chloroplast, respectively) with 0.01% Tween-20 were sprayed on Arabidopsis 
heat-treated at 40°C for 4 h in the dark, and then recovered at 25°C in the presence of 
light. The recovery of PSII was monitored by measuring Fv/Fm. 
 
Protein Analysis 
 
Protein was applied to sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) using 12 or 15% (w/v) acrylamide gel (Laemmli 1970). In this study, 
boiling of protein sample was omitted. After electrophoresis, proteins were stained by 
Coomassie Brilliant Blue (CBB) R-250, or electroblotted onto polyvinyldenefluoride 
membrane (ATTO Corp., Tokyo, Japan) according to the manufacturer’s instructions for 
immunodetection. For OEC33 detection, anti-OEC33 polyclonal antibody, generously 
provided by Professor I. Enami (Tokyo University of Science, Japan), was used as the 
primary antibody. Other antibodies were obtained from Agrisera (Vännas, Sweden). 
Alkaline phosphatase–conjugated anti-rabbit or anti-mouse IgG antibody (Sigma-Aldrich, 
St. Louis, MO, USA) was used as a secondary antibody, and signals were visualized by 
bromo-chloro-indolyl phosphate and nitroblue tetrazolium. 
 
Results 
Damage to Photosystem II Function by Heat Stress in the Dark 
 
For several plant species, the temperature around 40°C is perilous, especially to 
photosystems. As shown in fig 1-2a, 40°C was found to be a potentially critical 
temperature to decrease the photosynthetic activity of wheat, Arabidopsis, maize, and 
sorghum; Fv/Fm in seedlings rapidly decreased within 1 h by heat treatment at 40°C in the 
dark. Young seedlings tended to be more susceptible to the treatment, and several 
dicotyledonous plants such as tobacco, tomato, and Brassica rapa were damaged at 
42.5°C (Fig. 1-2b) but not at 40°C (data not shown). In the case of wheat seedlings, the 
most susceptible plant tested, heat treatment at 40°C in the dark for 30 min (D40) caused 
rapid decrease of Fv/Fm, i.e., 0.75 to 0.5. This damage was strictly temperature-dependent, 
i.e., Fv/Fm did not decrease below 35°C (Fig. 1-2c); this was also the case for Arabidopsis 
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(Fig. 1-2d). In the following detailed experiments, wheat and Arabidopsis were used as 
test plants. The decrease of Fv/Fm was due to the decrease of Fm but not the rise of Fo (Fig. 
1-3), suggesting that the decrease was caused by damage of the photochemical reaction in 
PSII. 
The decrease of Fv/Fm was not observed in heat-stressed samples in the 
presence of light (Fig. 1-2; L40). Thus the damage was not due to the effect of 
temperature itself, and that the light-driven electron flow may play a protective role in the 
damage, as described below. 
 
Degradation of D1 Protein by Heat Treatment in the Dark 
 
In accordance with the results of Fv/Fm, the oxygen evolution of thylakoid membranes 
prepared from D40 -treated wheat leaves was lowered but not from the sample in the 
presence of light (Fig. 1-4a). The damage to proteins involved in the photosynthetic 
photochemical reaction was examined by immunochemical analysis. Protein profiles of 
control plants and D40-treated plants were not apparently different (Fig. 1-4b; CBB 
staining). Among the major photochemical proteins tested, D1 protein was found to be the 
protein damaged by D40 treatment (Fig. 1-4b; immunoblotting). The damage of D1 
protein was observed by D40 treatment also in Arabidopsis (Fig. 1-4c). D1 protein plays 
a central role in the photochemical reaction in PSII (Barber and Kühlbrandt 1999). Thus, 
the damage of D1 protein influences PSII activity such as Fv/Fm and oxygen evolution. 
The degradation of D1 protein as the main cause of the 40°C/dark inactivation was also 
supported by the results that indicated that recovery from the damage was a 
light-dependent process except in the case of wheat (Fig. 1-5a, b), corresponding to the 
fact that the synthesis of D1 protein is known to be a light-dependent process (Adir et al. 
1990). Furthermore, as shown in fig. 1-5c, the recovery of PSII activity was delayed by 
the treatment of two inhibitors for protein translation, cycloheximide (Chx, inhibitor for 
synthesis of nucleus-coded proteins) and chloramphenicol (Cp, inhibitor for synthesis of 
chloroplast genome-coded proteins), because both cytosolic and chloroplastic translation 
machineries are involved in the de novo synthesis of D1 protein (Oelmuller et al. 1996).  
 
Enhancement of Introduction of Stromal Reducing Power into Thylakoid 
Membranes at Higher Temperature 
 
To address the question of how D1 protein was damaged by heat treatment in the dark, 
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the mechanism was hypothesized that it involved the backflow of electrons incorporated 
from stromal reducing power to the PSII core. In both wheat and Arabidopsis, the 
CEF-mediated incorporation of stromal reducing power was activated at 40°C but not 
below 35°C, i.e., the observation of the light-independent transient increase in 
fluorescence immediately after the actinic light was turned off (Fig. 1-6). The level of 
non-photochemical reduction of PQ was almost equal to the photochemically reduced PQ 
through PSII, and the following decrease in fluorescence was rapid, suggesting that the 
PQ reduction (i.e., the incorporation of stromal reducing power) and subsequent PQ 
re-oxidation (i.e., the flow into the other component) were activated at 40°C. 
 
Involvement of CEF-Related Enzymes in Heat-Derived Damage of PSII 
 
In the dark, the incorporation of stromal reducing power to PQ in thylakoid membranes is 
thought to be mediated by two routes (Fig. 1-7a), one is an NAD(P)H dehydrogenase 
(NDH)-dependent route and the other is a ferredoxin (Fd)-dependent route (Shikanai 
2007; Yamamoto et al. 2011). To assess the contribution of these routes to the damage, 
two T-DNA tagged Arabidopsis mutants, NDH-deficient mutant (ndh-o) (Rumeau et al. 
2005), and leaf-type Fd-NADPH reductase-deficient mutant (lfnr) were used (Lintala et al. 
2009). The light-independent PQ reduction curve indicated that the reduction and 
subsequent re-oxidation of PQ was slower in both ndh-o and lfnr mutants than in Col-0 
(Fig. 1-7b, c). In accordance with the heat-stress tolerance of the PSII activity, both ndh-o 
and lfnr exhibited higher tolerance against D40 treatment compared to Col-0, i.e., the 
decrease of Fv/Fm in the mutants by D40 treatment was smaller (Fig. 1-7d). 
 
Discussion 
Under the heat stress condition, the consumption of NADPH in stroma may decrease 
because the Calvin–Benson cycle, the main consumer of NADPH, is sensitive to heat 
stress (Weis 1981; Sharkey 2005). This leads to accumulation of NADPH in stroma, and 
then causes over-reduction of PQ by blockage of electron flow due to depletion of 
electron acceptor. Because over-reduction of PQ in thylakoid membranes is known to be 
dangerous to the photosystem as shown by photoinhibition (Yamamoto et al. 2008), CEF 
is likely to be activated under heat stress for shortage of NADPH in stroma (Bukhov et al. 
1999). Thus, as described below, in the presence of light, the activated CEF can 
contribute to protect PSII from the over-reducing condition of PQ under the heat-stressed 
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condition where the capacity of the Calvin–Benson cycle lowered. However, under the 
heat-stressed condition in the dark where the light-driven electron flow is absent, 
introduced electrons cannot flow to PSI, resulting in the over-reduction of PQ. 
Reduced PQ can be a potential inducer of ROS production. O2
-
 and H2O2 were 
formed under reduced PQ-rich condition arisen from the presence of an inhibitor of PQ 
oxidation by b6/f-complex dinitrophenylether of 2-iodo-4-nitrothymol in light-illuminated 
thylakoid membranes (Khorobrykh and Ivanov 2002). Furthermore, in isolated PSII 
particles, production of ROS is enhanced at higher temperature in the dark (Pospisil et al. 
2007; Yamashita et al. 2008). Because D1 protein is known to be highly susceptible to 
ROS, these ROS-rich conditions under heat stress might damage D1 protein. In the 
acceptor-side photoinhibition under light condition, fragments of specific sizes are 
produced via oxidation of D1 protein by 
1
O2 and subsequent degradation by specific 
protease(s) (De Las Rivas et al. 1992; Yamamoto et al. 2008). In contrast, any smaller 
degraded fragments derived from D1 protein could not be detected in the experiments 
(data not shown). This implies that degradation mode of D1 protein occurring in 
D40-treated wheat plants is presumably different from that occurring in the acceptor-side 
photoinhibition under light condition. The light-independent PQ re-oxidation observed at 
40°C (Fig. 1-6) can be interpreted to reflect the backflow of electron from PQ to PSII, 
well characterized by a thermoluminescence analysis as AG band (Miranda and Ducruet 
1995) and C band (Johnson et al. 1994). The backflow can potentially damage D1 protein 
via charge recombination; however, contribution of the backflow is thought to be small 
because its rate is only at a slow rate. 
In nature, heat stress is usually accompanied with a light condition such as 
midday on summer, and photoinhibition often occurs under such conditions (June et al. 
2004; Murata et al. 2007; Allakhverdiev et al. 2008). The photoinhibition of PSII was 
observed with relatively weak illumination in heat-stressed plants (Ohira et al. 2005). The 
enhanced introduction of reducing power into thylakoid membranes may explain the 
reason for the occurrence of the acceptor-side photoinhibition in heat-stressed plants. The 
reduced PQ pool level under the heat stress condition means depletion of acceptor of 
electrons flowed from PSII. In such condition, the electrons transferred from QB to the 
PQ may leak to O2, which subsequently generate O2
- 
(Yamamoto et al. 2008). In addition, 
increased P680
+
Pheo
-
 recombination reaction enhances production of triplet P680, 
leading to formation of 
1
O2 (Vass et al. 1992; Krieger-Liszkay 2005). Consequently, 
reduced PQ pool might promote photoinhibition of the PSII reaction center via enhanced 
ROS production. Furthermore, backflow of electron in PSII also contributes to the 
photoinhibition under light condition as shown by Keren et al. (1997). 
As shown in fig. 1-2, light cancelled the decrease of Fv/Fm by heat treatment in 
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all cases of tested plants. In wheat and Arabidopsis, corresponding to the results of Fv/Fm 
and oxygen evolution in the presence of light (Fig. 1-2 and 1-4a), the damage of D1 
protein was fully avoided in the presence of light (Fig. 1-4b and 1-4c, lane L40). In the 
presence of light, both non photochemical quenching (NPQ) and light-independent PQ 
reduction, i.e., CEF increased at 40°C (Fig. 1-6). Activating CEF by diverting electrons 
from the NADPH pool to the PQ pool at higher temperature increases the thylakoid pH 
gradient (Schrader et al. 2004), resulting in activation of photoprotective NPQ via thermal 
dissipation and a dissociation of the outer light harvesting antennae from PSII (Sundby 
and Andersson 1985). Increased NPQ of PSII is widely observed at temperatures where 
electron transport capacity slows with rising temperature, indicating that the reduction in 
electron flow through PSII is a regulatory response to heat stress by limitations the 
electron transport chain (Yamasaki et al. 2002; Salvucci and Crafts-Brandner 2004; 
Schrader et al. 2004). 
 In this chapter, activation of CEF at elevated temperature is likely to play a 
protective role against the damage of PSII under heat stress. In the presence of light, the 
light-driven electron flow around PSI can contribute to the enhanced thermal dissipation 
of light energy via activation of the xanthophyll cycle and the production of ATP needed 
for ATP-dependent response against heat stress like as chaperones (Allakhverdiev et al. 
2008). However, under heat stress in the absence of light, the PQ reduced by stromal 
reducing power might cause production of ROS which can damage D1 protein. Figure 
1-7e shows a hypothetical model of the heat-derived damage of D1 protein without the 
light-driven electron flow. Light-driven electron flow may rectify this misdirected 
electron flow that occurs under heat stress.  
 
Chapter I 
16 
 
  
Chapter I 
17 
 
  
Chapter I 
18 
 
  
Chapter I 
19 
 
  
Chapter I 
20 
 
  
Chapter I 
21 
 
  
Chapter I 
22 
 
  
 23 
 
 
 
Chapter II 
Regulation of Photochemical Energy Transfer Accompanied by 
Structural Changes in Thylakoid Membranes of Heat-Stressed Wheat  
 
 
 
Introduction 
A temperature of approximately 40°C is perilous for many plant species (Yamauchi and 
Kimura 2011). Also in wheat plants, 40°C is a potentially critical temperature for 
decreasing photosynthetic activity. The mechanism was exhibited for the damage caused 
by a rapid decrease in the maximum photochemical quantum yield of PSII (Fv/Fm) in 
seedlings within 1 h of heat treatment at 40°C in the absence of light in Chapter I. The 
results suggest that in the dark, the enhanced introduction of reducing power from stroma 
into thylakoid membranes that occurs at temperatures >40°C causes over-reduction of PQ, 
resulting in damage to the D1 protein. However, Fv/Fm did not decrease under a 40°C heat 
treatment in the light, indicating that light drives a system that protects PSII from damage 
caused by over-reduction of PQ at high temperatures. 
 In this chapter, the research was focused on the regulation of photochemical 
energy transfer with structural and biochemical changes in thylakoid membranes in 
response to heat stress using normal-growing wheat, heat-stressed wheat in the presence 
of light, and wheat recovering from heat stress. The results revealed that heat stress 
induces state 2; increased non-photochemical quenching (NPQ) of chlorophyll 
fluorescence, LHCII phosphorylation and unstacked grana regions in thylakoid 
membranes were observed in response to heat stress. 
 
Materials and Methods 
Plant Materials and Heat Treatments 
 
Wheat (Triticum aestivum) seedlings were grown on Jiffy-7 (Sakata Seed, Yokohama, 
Japan) in a growth chamber (12 h of white light (100 µmol photons m
−2•s−1), 25°C, 
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Biotron LH-220S, Nippon Medical & Chemical Instruments, Tokyo, Japan). Heat 
treatment was carried out by incubating wheat leaves at 40°C under fluorescent white 
light illumination (100 µmol photons m
−2•s−1). After heat treatment, plants were recovered 
for 30 min at 25°C in the light. Chemicals used in this research were reagent grade from 
Wako Pure Chemical Industries, Ltd. (Osaka, Japan) except as noted. 
 
Induction of Conventional State Transition 
 
As the conventional way to provoke state transition, the conditions were used as 
previously described in Järvi et al. (2011). State 1 was induced by overnight dark 
adaptation at 25°C. State 2 was induced by white light treatment for 50 min with 20 µmol 
photons m
−2•s−1 at 25°C. 
 
Measurement of the Maximal Photochemical Quantum Yield of PSII and 
Chlorophyll Fluorescence Analysis 
 
The maximal photochemical quantum yield of PSII was evaluated from fluorescence 
measurements. The ratio of variable (Fv =Fm − Fo) to maximum fluorescence (Fm) was 
measured using a pulse-modulated fluorometer (Junior-PAM, Heinz Walz GmbH, 
Effeltrich, Germany); it reflects the quantum yield of PSII (Cao and Govindjee 1990). 
Sample leaves were dark-adapted for 2 min before the measurements. Dependence of 
PSII quantum efficiency (ФII), electron transport rate (ETR), and NPQ of the chlorophyll 
fluorescence on light intensity was calculated as (Fm′ − Fs)/Fm′, ФII × PFD (photon flux 
density) × 0.84 × 0.5, and (Fm − Fm′)/Fm′, respectively (Demmig-Adams et al. 1996). 
Note that the fractional absorption is assumed here to be 0.84, and the ratio of PSII to PSI 
is assumed to be 1:1; thus, care must be exercised in making conclusions due to these two 
assumptions. Blue LED (wavelength of maximum emission: 450 nm) was used as the 
light source. A sample leaf detached from a dark-adapted plant was placed on a wet paper 
towel, and the temperature was controlled by a heat block. After waiting for 5 min to 
equilibrate temperature, chlorophyll fluorescence analysis was performed using the 
WinControl Program (version 3.1, Walz). Event sequence and light conditions were as 
follows: measuring light on (0 min, 10 µmol photons m
−2•s−1), saturating pulse (0.5 min, 
10,000 µmol photons m
−2•s−1), actinic light on (1.5 min, 190 µmol photons m−2•s−1), 
saturating pulse (5 min, 10,000 µmol photons m
−2•s−1), actinic light off (5.5 min), and 
measuring light off. For the detection of qE, qT, and qI, wheat leaves were illuminated 
Chapter II 
25 
 
with 820 µmol photons m
−2•s−1 of actinic light. NPQ can be detected as the difference 
between Fm and the measured maximal fluorescence after a saturating light pulse during 
illumination of actinic light (Fm′). NPQ is composed of “fast”, “middle” and “slow” 
quench relaxes (Quick and Stitt 1989). After switching off the light, the recovery of Fm′ 
within 2 min and 40 min was regarded as the relaxation of the qE and qT components of 
NPQ, respectively in wheat. qI component detected as the difference between Fm and the 
recovery of Fm′ within 40 min. qE, qT and qI values were expressed the percentages of 
total NPQ, NPQ = qE + qT + qI. qE, qT and qI were calculated as described in Müller et 
al. (2001). 
 
Preparation of Thylakoid Membranes 
 
Thylakoid membranes of wheat were isolated as described in Chapter I. All procedures 
were performed below 4°C in a dark room under a green light. 
 
Digitonin Fractionation of Thylakoid Membranes 
 
Digitonin was used to separate stacked and unstacked thylakoids. Digitonin fractionation 
of thylakoid membranes and estimation of the degree of thylakoid stacking were 
performed as reported by Khatoon et al. (2009). Thylakoid membranes were suspended in 
250 µg Chl/mL in a solution containing 0.2 M sorbitol, 1.5 mM K2HPO4 (pH 7.0), and 10 
mM NaF. After incubation at 4°C for 15 min, the thylakoid membranes were treated with 
0.5% digitonin for 30 min on ice. Thylakoid membranes were six-fold diluted with the 
same solution and centrifuged at 10,000 g for 30 min. The amount of chlorophyll in the 
pellet containing stacked grana relative to that in total thylakoids represented the degree 
of thylakoid stacking. The supernatant was used as unstacked stroma lamellae that most 
PSI was recovered. 
 
SDS-PAGE and Immunoblot Analysis 
 
Protein was applied to SDS-PAGE using 12% (w/v) acrylamide gel. Phos-tag™ 
SDS-PAGE was performed using 8% (w/v) acrylamide gel containing 20 µM Phos-tag™ 
AAL-107 (Wako Pure Chemical Industries, Osaka, Japan) and 40 µM MnCl2. After 
electrophoresis, Phos-tag™ SDS-PAGE gel was gently agitated in a transfer buffer (25 
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mM Tris, pH 7.6, 20% methanol, 40 mM 6-amino-n-caproic acid, 0.02% SDS) containing 
1 mM EDTA for 10 min, and subsequently resuspended in another buffer without EDTA 
for 10 min before electroblotting. After SDS-PAGE, proteins were electroblotted onto a 
polyvinylidene fluoride membrane (ATTO, Tokyo, Japan) according to the 
manufacturer’s instructions. Specific antibodies against plant proteins were obtained from 
Agrisera (Vännas, Sweden). Phospho-Thr (p-Thr) antibody was obtained from Cell 
Signaling Technology (Beverly, MA, USA). Alkaline phosphatase-conjugated anti-rabbit 
or anti-mouse IgG antibody (Sigma-Aldrich, St. Louis, MO, USA) was used as a 
secondary antibody, and signals were visualized by bromo-chloro-indolyl phosphate and 
nitroblue tetrazolium. Densitometric analysis was carried out using ImageJ software 
(version 1.41, NIH, Bethesda, MD, USA) after scanning the blotted membrane. 
 
Protein Identification by Mass Spectrometry 
 
The thylakoid membrane fractions from wheat plants, heat-stressed at 40°C for 30 min in 
the presence of light, were prepared with 20 mM Tricine-NaOH, pH 7.9, 0.4 M sucrose, 
and 10 mM NaCl, and then phosphorylated proteins were purified by immobilized metal 
affinity chromatography (IMAC) using a ProQ Phosphorylated Protein Purification Kit 
(Schilling and Knapp 2008) (Invitrogen, Waltham, MA, USA). Phosphorylated protein 
fraction was separated by SDS-PAGE and stained with Coomassie Brilliant Blue. Next, 
two gel slices were excised from a sample lane in the 23–37 kDa range, followed by 
in-gel digestion with 10 μg/mL trypsin (Promega, Fitchburg, WI, USA) overnight at 37°C 
(Hatano and Hamada 2008). Digested peptides were eluted with 0.1% formic acid and 
were subjected to LC-MS/MS analysis, which was performed on an LCMS-IT-TOF 
(Shimadzu, Kyoto, Japan) interfaced with a nano reverse-phase liquid chromatography 
system (Shimadzu, Kyoto, Japan). LC separation was performed using a Pico Frit Beta 
Basic C18 column (New Objective, Woburn, MA, USA) at 300 nL/min. Peptides were 
eluted using gradients of 5%–45% acetonitrile in 0.1% formic acid and sprayed directly 
into the mass spectrometer. The heated capillary temperature and electrospray voltage 
were set at 200°C and 2.5 kV, respectively. MS/MS data were acquired in the 
data-dependent mode by LCMS solution software (Shimadzu, Kyoto, Japan) and were 
converted to a single text file (containing the observed precursor peptide m/z, the 
fragment ion m/z, and intensity values) by Mascot Distiller (Matrixscience, Boston, MA, 
USA). The file was analyzed using the Mascot (Matrixscience) MS/MS Ion Search to 
search, and the obtained peptides were assigned to the SwissProt database (SIB, Geneva, 
Switzerland). The search parameters were set as follows: Database, SwissProt; Taxonomy, 
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all; Enzyme, trypsin; Variable modifications, carbamidomethyl (C), oxidation (M), 
propionamid (C); Peptide tol., ±0.05 Da; and MS/MS tol., ±0.05 Da. For protein 
identification, the criteria were as follows: (1) Mascot scores above the statistically 
significant threshold (p < 0.05) and (2) at least one top-ranked unique peptide matching 
the identified protein. 
 
Blue Native-PAGE 
 
Blue native-PAGE (BN-PAGE) was performed as described previously by Järvi et al. 
(2011) and Wientjes et al. (2013b), with some minor modifications. Isolated thylakoid 
membranes were solubilized in 25 mM BisTris-HCl (pH 7.0), 20% glycerol, 0.25 mg/mL 
Pefabloc, 0.1% n-dodecyl-α-D-maltoside (α-DM) and 1% digitonin at a final chlorophyll 
concentration of 0.5 mg/mL. After incubation for 20 min on the ice and centrifugation at 
18,000 g for another 20 min, the supernatants were supplemented with 1/10 volume of 
BN sample buffer (100 mM BisTris-HCl, pH 7.0, 5% Serva blue G, 0.5 M 
6-amino-n-caproic acid, and 30% sucrose (w/v)), as established previously (Peng et al. 
2008). Thylakoid protein complexes were separated by NativePAGE™ Novex® 3%–12% 
Bis-Tris Protein Gels (Invitrogen, Carlsbad, CA, USA). 
 
Transmission Electron Microscopy 
  
Leaves were trimmed into small pieces (2 × 3 mm
2
) with a razor blade; these pieces were 
prefixed with 2.5% glutaraldehyde (Nisshin EM, Tokyo, Japan) in 0.1 M 
phosphate-buffered saline (PBS) at pH 7.4 at 4°C, overnight. Leaf pieces were then rinsed 
with PBS three times at intervals of 10 min and postfixed with 1% buffered osmium 
tetroxide (Nisshin EM, Tokyo, Japan) at room temperature for 1 h. After the samples had 
been rinsed briefly with distilled water, they were immediately dehydrated in ethanol 
series (50%, 70%, 90%, and 100%). They were immersed in an intermediate solvent 
(propylene oxide; Nisshin EM, Tokyo, Japan) for 10 min and in a mixture (1:1, v/v) of 
propylene oxide and Spurr’s resin (Spurr 1969) (Polysciences, Warrington, PA, USA) for 
6 h at room temperature and then placed in pure Spurr’s resin at 4°C for 3 days. After taht, 
samples were embedded in plain embedding plates and polymerized at 70°C for 24 h. 
 Blocks of leaves were cut with a Porter-Blum MT-1 ultramicrotome (Ivan 
Sorvall, Norwalk, CT, USA) and a diamond knife (Diatome, Bienne, Switzerland). 
Ultrathin sections about 80 nm were prepared; these were stained with 4% aqueous UA 
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for 10 min at room temperature and Sato’s lead for 10 min (Sato 1968). Every staining 
step was succeeded by a step of washing with water three times for 3 min. The stained as 
well as the unstained sections were observed under a JEM-1400 electron microscope 
(JEOL, Akishima, Japan) at an accelerating voltage of 75 kV. 
 
Results 
Enhancement of Non-Photochemical Quenching (NPQ) to Restrict Linear 
Electron Flow in Heat-Stressed Wheat 
 
In wheat plants, as presented in Chapter I, 40°C was a potentially critical temperature for 
decreasing photosynthetic activity. However, heat stressed-wheat seedlings maintained 
Fv/Fm in the presence of light (Fig. 2-1a). To assess the change in energy distribution of 
photochemical reactions in heat-stressed wheat seedlings, chlorophyll fluorescence 
analysis was performed (Fig. 2-1b, c, d). Compared with non-heat stressed wheat plants 
(L25) and after 30-min recovery from 40°C treatment at 25°C in the light (R25), plants 
subjected to 40°C treatment with light (L40) exhibited a drastic decrease in PSII quantum 
efficiency (ФII; Fig. 2-1b) and photosynthetic electron transport rate (ETR; Fig. 2-1c) 
above a light intensity of 820 µmol photons m
−2
s
−1
. In contrast, NPQ at high light 
intensities (>420 µmol photons m
−2
s
−1
) under L40 increased higher than that of L25 
treatment (Fig. 2-1d). These results suggest that light energy was consumed as NPQ to 
restrict linear electron flow. 
 NPQ is attributed to three processes: thermal dissipation through the 
xanthophyll cycle, state transition, and photoinhibition. Detailed analysis of the quench 
relax of wheat leaves revealed that the enhanced NPQ in L40 was divided into two 
components: fast (fqr) and medium (mqr) quench relaxes (Fig. 2-1e). These fqr and mqr are 
assigned for thermal dissipation through the xanthophyll cycle and state transition, 
respectively (Quick and Stitt 1989). Both components were eliminated within 25 min at 
25°C after actinic light was removed, indicating that the state of the photochemical 
reactions recovered from the L40 to normal state within 30 min at 25°C. 
 
 
 
 
Chapter II 
29 
 
Increase in NPQ of Chlorophyll Fluorescence and Unstacked Region in 
Thylakoid Membranes under Heat Stress 
 
NPQ increased after 30 min of a 40°C heat treatment (L40) compared with that under the 
normal condition (L25) (Fig. 2-2a). The higher NPQ in L40 decreased to the same level 
as that of L25 after 30-min recovery at 25°C in the light (R25), whereas Fv/Fm was not 
affected by heat treatment in the light (Fig. 2-2a). NPQ is subdivided into three 
components related to the thermal dissipation of excessive light energy (qE), state 
transition (qT), and photoinhibition (qI). qE and qT were major components for 
increasing the L40 NPQ. Thermal dissipation mediated by the xanthophyll cycle is 
facilitated under heat conditions to protect PSII from excess light energy (Havaux and 
Tardy 1996). An activated cyclic electron flow around PSI enhances thermal dissipation 
under heat stress and supports the acidification of the lumen to accelerate the xanthophyll 
cycle (Bukhov et al. 1999). Although qT was the largest in L40, it was detected even 
under normal conditions in L25 and R25, coinciding with a recent report that part of the 
mobile LHCII in Arabidopsis is associated with PSI under all natural light conditions for 
plants (Wientjes et al. 2013a). The increasing qT in L40 suggests that heat treatment in 
the light induces state 2 where more LHCIIs are associated with PSI than L25 or R25. 
 Previous studies have indicated that state transition and thylakoid membrane 
structure are closely related (Allen and Forsberg 2001; Chuartzman et al. 2008). 
Transmission electron microscopy (TEM) was used to investigate the changes in the 
thylakoid membrane ultrastructure among various state 2 conditions in leaf chloroplasts. 
Thylakoid membranes in higher plants are mainly composed of two regions called 
appressed grana stacks and non-appressed stroma lamellae. Thylakoid membranes in L25 
seedlings formed well-distinguished appressed grana stacks and stroma lamella (Fig. 2-2c, 
L25). However, many grana clearly unstacked after L40 treatment (Fig. 2-2c, L40). These 
dissociated grana stacks seemed to be restacked within 30 min under normal conditions 
after heat stress, as shown in the R25 sample (Fig. 2-2c, R25). However, the height of the 
10 thylakoid layers clearly differed among the three samples, i.e., the L40 grana region 
was mostly unstacked, while the R25 grana region was more loosely stacked than the L25 
grana region (Fig. 2-2d, top and upper middle panel). Starch granules were observed in 
L25; however, very few starch granules were observed after heat treatment (Fig. 2-2c, d, 
lower middle panel). This result may be related to the increased activity of starch 
degradation. The activity of β-amylase, which is involved in starch degradation, increased 
under moderate heat conditions (Dreier et al. 1995). It is likely that L40 stimulates the 
activity of several enzymes involved in starch degradation such as β–amylase. In addition, 
the decrease of starch granules in L40 would be related to the inability to make starch 
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because of an inactivated Calvin–Benson cycle at high temperatures. The production of 
starch granules recovered in R25 after heat stress. Plastoglobules, which are 
plastid-localized lipoprotein particles containing tocopherols and other lipid 
isoprenoid-derived metabolites, increase in number under moderate heat conditions in 
Arabidopsis (Zhang et al. 2010). However, the numbers of plastoglobules in chloroplasts 
of wheat did not differ among the three samples (Fig. 2-2d, bottom panel). 
 
Increase in Phosphorylation Level of Thylakoid Proteins by Heat Treatment 
 
The increase in NPQ and qT observed in chlorophyll fluorescence analysis (Fig. 2-2a, b) 
suggested that state 2 induced in the L40 samples. During state 2 induction, PSII core 
proteins and LHCII are phosphorylated by thylakoid kinase STN7 and STN8, 
respectively (Bellafiore et al. 2005; Vainonen et al. 2005). To compare the 
phosphorylation levels of thylakoid proteins in heat-treated wheat, immunobloting was 
performed using anti-phosphothreonine (pThr) antibody because Thr residues are key 
phosphorylated amino acid residues (Bellafiore et al. 2005). Anti-pThr signals increased 
at approximately 33 and 25 kDa in the L40 samples compared with those in the L25 
samples (Fig. 2-3a). These phosphorylated thylakoid proteins were purified using the 
ProQ Phosphorylated Protein Purification Kit and separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). Several bands appearing at 
approximately 23–35 kDa were fractionated into two fractions (Fr. A and B) and 
identified by peptide mass spectrometry (MS) fingerprinting analysis (Fig. 2-3b). The 
sequence in Fr. A was identified as D1 and D2 proteins. The sequences in Fr. B were 
identified as three LHCIIs, as CP26, Lhcb1, and Lhcb2 (Table 2-1). 
 The phosphorylation of LHCII is important for it to dissociate from PSII, which 
is enriched in the grana region, and is associated with PSI in grana margins or stroma 
lamellae during state transitions. To identify the location of the phosphorylated PSII core 
and LHCII proteins detected in the heat-treated samples, thylakoid membranes were 
separated into grana and stroma lamellae by digitonin fractionation and analyzed the 
fractions by SDS-PAGE. Heat treatment did not affect the protein profiles of any of the 
samples (Fig. 2-3c; CBB staining). Many phosphorylated LHCIIs were detected in both 
L40-treated and R25-treated stroma lamellae (Fig. 2-3c; immunoblot). D1 and D2 
proteins were detected in a much more phosphorylated state in the L40 and R25 grana. 
The phosphorylation of D1 and D2 proteins is believed to be correlated with the thylakoid 
membrane structure because the negative charge on the phosphate groups influences the 
surface charges on the thylakoid membranes, resulting in unstacked, appressed membrane 
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regions caused by electrostatic repulsion (Chuartzman et al. 2008; Fristedt et al. 2009). 
Therefore, state transitions and the thylakoid membrane ultrastructure have been 
suggested to be closely related (Allen and Forsberg 2001), and an increase in the 
unstacked grana region has been observed in light-induced state-2 chloroplasts. Also in 
heat-induced state 2 in wheat, it is possible that a relationship exists between the 
phosphorylation of thylakoid proteins and unstacking of thylakoid membranes. 
 
Retarded Dephosphorylation of Thylakoid Proteins during Recovery from 
Heat Stress 
 
The phosphorylation of thylakoid proteins (particularly PSII core proteins such as D1 and 
D2 proteins) in Arabidopsis under state 2 conditions plays an important role in forming 
unstacked thylakoid membranes (Fristedt et al. 2009). However, retarded 
dephosphorylation of these proteins was unexpectedly detected during the 30-min 
recovery after heat stress (Fig. 2-3c). It is possible that the dephosphorylation of 
thylakoid proteins is not important for the reconstitution of the stacked membranes. The 
protein phosphorylation level during a prolonged recovery for 24 h were measured to 
confirm the time required to dephosphorylate the PSII core and LHCII proteins (Fig. 2-4). 
Phosphorylated D1/D2 and LHCII proteins were detected using anti-pThr antibody, and 
phosphorylated D1/D2 proteins were quantified by densitometric analysis. As shown in 
fig. 2-4a, compared with samples under normal conditions (L25), the relative 
phosphorylation levels of D1/D2 proteins increased under the 40°C treatment in the light 
(L40). The amount of D1/D2 phosphorylated proteins was the highest at 25°C during 0.5–
1 h after heat stress. The 4–8 h heat stress-recovered samples showed comparable 
phosphorylation levels with L25. A similar result was observed in Lhcb2 
dephosphorylation analysis (Fig. 2-4c). Phosphorylated thylakoid proteins were separated 
by Phos-tag™ SDS-PAGE. In this system, phosphorylated proteins interact with 
Phos-tag™ co-polymerized with acrylamide in the gel, resulting in a slower migration of 
phosphorylated proteins than non-phosphorylated proteins (Kinoshita et al. 2006); thus, 
the ratio of phosphorylated proteins could be easily estimated. It has been reported that 
Lhcb2 phosphorylation plays a crucial role in inducing state 2 (Leoni et al. 2013; 
Pietrzykowska et al. 2014); thus, Lhcb2 antibody was used to determine the Lhcb2 
phosphorylation ratio in heat-stressed wheat. Densitometric analysis suggested that the 
shifted band occupied 19.2% of Lhcb2 before the L40 treatment, which increased to 
26.4% of Lhcb2 (Fig. 2-4b, c). More than eight hours were required to decrease 
phosphorylation to the normal level during recovery at 25°C in the light. These results 
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suggest that the dephosphorylation of thylakoid proteins is not correlated with the 
reconstitution of stacked membranes during recovery at 25°C from heat stress. 
 
Increase of PSI–LHCII Supercomplex Following Heat Stress in the Light 
 
Chlorophyll fluorescence and phosphoprotein analyses of wheat leaves showed that heat 
stress under moderate light induced state 2, which was much higher than that under 
growth condition in the light, such as L25. In state 2, LHCII, which is bound to PSII in 
state 1, migrates from PSII and associates with PSI to form the PSI–LHCII supercomplex 
(Galka et al. 2012). To obtain clearer evidence that L40 is in state 2, the amount of the 
PSI–LHCII supercomplex in L40 was compared to that in state 1 or state 2 induced by a 
conventional way to provoke state transition. As the conventional way to induce state 
transition, the conditions were used either after overnight dark adaptation at 25°C (state 
1) or after 50 min of 20 µmol photons m
−2•s−1 white light treatment at 25°C (state 2) 
(Wientjes et al. 2013b). As shown in fig. 2-5, thylakoid membranes were solubilized 
using a very mild solubilization condition (1% digitonin and 0.1% α-DM), which 
efficiently detects PSI–LHCII supercomplexes (Wientjes et al. 2013b). As a result, the 
amount of the PSI–LHCII supercomplex in the L40 sample was similar to that in 
conventionally induced-state 2 (St2). We also detected an increase in PSI-LHCII 
phosphorylation using p-Thr antibody, indicating that phosphorylated LHCII is bound to 
PSI in L40. In addition, the amount of the PSI–LHCII supercomplex in L25 was 
unexpectedly detected closer to that in St2 or L40 rather than that in conventionally 
induced state 1 (St1). 
 
Identification of PSI Binding Lhcb1/b2 from Thylakoid Membranes in L40 
 
PSI–LHCII supercomplex was purified from thylakoid membranes in state 2. Thylakoid 
membranes prepared from L25 and L40 wheat plants were solubilized with 0.8% 
n-dodecyl--D-maltoside (-DM) and subjected to sucrose density gradient (SDG) 
ultracentrifugation. The SDG was then separated into 8 fractions, of which fractions 5 and 
6 from the L40 sample revealed increased Chl contents (Fig. 2-6a; upper panel) and 
Lhcb1/b2 with a PSI subunit PsaD were detected by immunoblotting (Fig. 2-6a; lower 
panel), suggesting that these fractions contained PSI–LHCII. PSI–LHCII in these 
fractions was further purified by successive chromatography: affinity chromatography for 
phosphoprotein separation using ProQ, anion exchange chromatography using a MonoQ 
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column twice, and finally gel filtration. In the 1st MonoQ column chromatography, major 
photosynthetic supercomplexes containing phosphoproteins were judged as PSI-LHCII 
and PSII-LHCII by immunoblotting (Fig. 2-6b). The main symmetrical peak from the 
final gel filtration at retention time of approximately 23 min (Fig. 2-6c) was subjected to 
immunoblotting using antibodies specific to PSI (PsaD, Lhca1), major LHCII (Lhcb1, 
Lhcb2), and LFNR. All of these proteins were detected in the fraction (Fig. 2-6c) but not 
PSII core proteins (data not shown), suggesting the presence of PSI–LHCII in L40 wheat 
plants. 
 
Discussion 
In this chapter, It was revealed that wheat seedlings under heat conditions in the presence 
of light positively regulated the photochemical energy transfer and remodeled the 
photosystem to enhance thermal dissipation, which can be attributed to several changes in 
the chloroplast, phosphorylation of PSII core subunits (D1 and D2) and LHCII (Lhcb1 
and Lhcb2), transition to state 2, and dissociation of stacked thylakoids that resulted in 
protection of PSII from heat stress.  
 Figure 2-7 shows a hypothetical scheme of remodeling of photosystems in 
response to heat. Under growth conditions in the light, qT and phosphorylation of 
thylakoid proteins were detected, and the amount of the PSI–LHCII supercomplex was 
similar to that in conventionally induced state 2, although linear electron flow (LEF) 
generates NADPH (Fig. 2-7; upper panel). In this state, part of LHCII is phosphorylated 
and is associated with PSI in stroma lamellae to keep the PQ pool oxidized by smooth 
electron flow through PSI, and light energy would preferentially excite PSII (Fig. 2-1). 
Under high temperature conditions in the light, energy distribution between the 
photosystems and electron transfer would presumably change. At the onset of 40°C, the 
enhanced introduction of stromal reducing power into PQ may trigger additional 
phosphorylation of thylakoid proteins by activated protein kinase such as STN7 and 
STN8. Although protein kinases involved in the remodeling of the photosystem have not 
yet been identified in monocotyledonous plants including wheat, orthologs of STN7 and 
STN8 kinases are conserved in the wheat genome (Fig. 2-8), suggesting that state 
transition occurring under heat conditions may depend on the same biochemical process 
as Arabidopsis. The increased thylakoid protein phosphorylation level induces thermal 
dissipation increased by state transition, which was shown to coincide with the unstacking 
of thylakoid membranes (Fig. 2-7; middle panel). In chapter I, it was explained the 
over-reduction of the PQ pool at 40°C in the dark, which would breakdown 
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oxygen-evolving complex via reactive oxygen species. The Mn cluster is a fragile 
complex system that can be easily destroyed by heat. Therefore, light would protect the 
Mn cluster by pumping protons into the lumen to induce thermal dissipation of light 
energy via the activation of the xanthophylls cycle. During recovery from heat stress, the 
phosphorylation of thylakoid proteins is maintained. In this state, the energy distribution 
between the photosystems seems to be the same as that under normal conditions; however, 
it takes approximately eight hours to return to the original level of thylakoid 
phosphorylation under normal conditions. This retarded dephosphorylation of thylakoid 
proteins could be responsible for the phosphatase of thylakoid proteins such as 
PPH1/TAP38 for LHCII (Shapiguzov et al. 2010; Pribil et al. 2010) and PBCP for PSII 
core proteins (Samol et al. 2012). The dephosphorylation process of thylakoid proteins is 
believed to be independent of the redox state of PQ (Silverstein et al. 1993). Therefore, 
reduction of the PQ pool seemed to be long-continued during recovery at 25°C from heat 
stress, because the balance between the activities of these kinases and phosphatases 
determines the phosphorylation state of thylakoid proteins. 
 Although L40 wheat showed state 2-characteristic photochemical and 
biochemical evidences (i.e., enhanced NPQ partially derived from state transition 
restricted LEF (Fig. 2-1 and 2-2a, b) and phosphorylation of LHCII and PSII core 
proteins increased (Fig. 2-3) coinciding with constitution of PSI-LHCII supercomplex 
(Fig. 2-5) in L40, L25 exhibited intermediate behavior against state transition (i.e., LEF 
was predominant in photochemical reaction (Fig. 2-1), phosphorylation of thylakoid 
proteins detected (Fig. 2-3) and the amount of PSI-LHCII was closer to that in state 2 
control (St1) or L40 rather than in state 1 control (St1) (Fig. 2-5)).  
 State transition is believed to be regulated by phosphorylation of LHCII proteins, 
Lhcb1 and Lhcb2, because studies with the stt7 in Chlamydomonas and stn7 in 
Arabidopsis mutants have proven that LHCII protein phosphorylation is a prerequisite for 
transition toward state 2 (Bellafiore et al. 2005; Depège et al. 2003). State 2 induction 
coinciding with phosphorylation of LHCII has been well studied under the blue light 
illumination, fluctuating white light or white low light (approximately 20 µmol photons 
m
-2
 s
-1
) conditions in Arabidopsis (Tikkanen et al. 2011). It has been reported that the 
antennae size of PSI is not affected by growth light conditions (Ballottari et al. 2007) and 
recently showed that LHCII can function as both antennae of PSII and PSI (Wientjes et al. 
2013a). These reports and biochemical evidences in L25 indicate the possibility that state 
of L25 is state 2, which is closer to moderate white light-induced state 2 than that in L40. 
Further research is required to elucidate the detailed mechanism of state transition. 
Therefore, the research elucidated the distinction between light intensity-induced and 
heat-induced state transition in the next chapter. 
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Chapter III 
Light and Heat-Induced State 2 that Plays a Protective Role against 
Heat-Derived Photosystem II Damage in Wheat 
 
 
 
Introduction 
There are numerous previous reports on state transitions in photosynthetic organisms such 
as Arabidopsis, Chlamydomonas, and cyanobacteria. Most of these reports in Arabidopsis 
utilize various experimental triggers such as far red light to dephosphorylate LHCII and 
drive the mobile LHCII toward PSII (state 1) or blue light to phosphorylate LHCII and 
attach LHCII to PSI (state 2). In Chapter II, state 1 to state 2 transitions in wheat were 
observed under high temperatures in the light. In Arabidopsis, it had been previously 
reported that moderate heat stress induces increased energy transfer to PSI at the expense 
of PSII (Ducruet et al. 2007) and migration of phosphorylated LHCII from grana stacks to 
stroma lamellae (Mohanty et al. 2002), suggesting a state 1 to state 2 transition, with 
migration of LHCII from PSII to PSI. Heat stress conditions reduce PQ pool, which 
triggers state 1 to state 2 transitions. However, it is unclear whether there are some 
differences between light quantity-induced and heat-induced state transitions.  
 In this chapter, the research focused on the effects of light and temperature 
conditions that induce state transitions in wheat. Heat stress in the light revealed that 
wheat seedlings have a protective mechanism against heat-derived PSII damage by 
regulating energy transfer around PSI and structural changes of thylakoid membranes 
with induction of a more progressive state 2 than a light-induced state 2. The role of 
heat-induced state 2 would differ from the role of light-induced state 2. 
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Materials and Methods 
Plant Materials and Light and/or Heat Treatments 
 
Wheat (Triticum aestivum) seedlings were grown on Jiffy-7 (Sakata Seed, Yokohama, 
Japan) in a growth chamber (12 h of white light (100 µmol photons m
−2•s−1), 25°C, 
Biotron LH-220S, Nippon Medical & Chemical Instruments, Tokyo, Japan). Light and/or 
heat treatments were carried out by incubating wheat leaves at 25°C or 40°C under 
fluorescent white light illumination (100 µmol photons m
−2•s−1; Fig. 3-1a). Chemicals 
used in this research were reagent grade from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan) except as noted. 
 
Induction of Conventional State Transition 
 
As the conventional way to provoke state transition, the conditions were used as 
previously described in Järvi et al. (2011) and Bellafiore et al. (2005). State 1 was 
induced by overnight dark adaptation at 25°C or by far red light treatment for 30 min at 
25°C. State 2 was induced by blue light illumination for 30 min with 20 µmol photons 
m
−2•s−1 at 25°C. 
 
Protein Analysis 
 
Protein analysis including normal and Phos-tag
TM
 SDS-PAGE, immunoblotting, 
BN-PAGE and densitometric analysis were performed as described in Materials and 
Methods in Chapter II. NativeMark
TM
 Unstained Proteins Standard (Invitrogen, Waltham, 
MA, USA) was used as a standard marker of BN-PAGE. Green bands separated by 
BN-PAGE were excised from a BN-PAGE gel and subjected to subsequent SDS-PAGE. 
Immunoblot analysis identified the protein composition of each bands. 
 
Estimation of PQ Reduction State 
 
PQ reduction state was estimated using a pulse-modulated fluorometer (Junior-PAM, 
Heinz Walz GmbH, Effeltrich, Germany). Sample leaves were dark-adapted for 2 min 
before the measurements. Event sequence and light conditions were as follows: 
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measuring light on (0 min, 10 µmol photons m
−2•s−1), actinic light on (0.5 min, 190 µmol 
photons m
−2•s−1), saturating pulse (4.5 min, 10,000 µmol photons m−2•s−1), actinic light 
off (4.5 min), and measuring light off. 
 
Chlorophyll Fluorescence Analysis 
 
Chlorophyll fluorescence analysis was performed using the WinControl Program (version 
3.1, Walz). Event sequence and light conditions were as follows: measuring light on (0 
min, 10 µmol photons m
−2•s−1), saturating pulse (30 sec, 10,000 µmol photons m−2•s−1), 
actinic light on (1 min 10 sec, 190 µmol photons m
−2•s−1), saturating pulse continuously 
at intervals of 20 seconds (1 min 10 sec–5 min 50 sec, 10,000 µmol photons m−2•s−1), 
actinic light off (5 min 50 sec, 190 µmol photons m
−2•s−1), and measuring light off. 
 
Time-Resolved Fluorescence Spectra Analysis 
 
Time-resolved fluorescence spectra (TRFS) were measured with a picosecond 
time-correlated single-photon counting system (Akimoto et al. 2005). The light source 
was a Ti:Sapphire laser (Tsunami, Spectra-physics, USA) and the excitation wavelength 
was 400 nm, which excites both Chl a and Chl b. We employed a microchannel plate 
photomultiplier (R3809, Hamamatsu, Japan) as a detector, combined with a 
monochromator (SP2300, Princeton Instruments, USA). The time step was 2.4 ps/ch or 
24 ps/ch. The time zero was set to the time when an excitation pulse showed the 
maximum counts. Excitation laser intensity was set to give fluorescence signals of less 
than 20,000 c/s around fluorescence peak wavelength, and in this condition samples did 
not suffer damage from the laser excitation with a repetition rate of 2.9 MHz. All 
measurements were carried out at -196°C with a custom-made Dewar system. 
 
Transmission Electron Microscopy 
 
Observation of chloroplast by TEM was performed as described in Materials and 
Methods in Chapter II. 
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Results 
Enhanced Phosphorylation of Thylakoid Proteins by Light and/or Heat 
Conditions 
 
Phosphorylation levels of thylakoid proteins were quantified by immunoblot to compare 
the effect of various light and/or heat conditions on induced state transitions. Four 
treatments were applied to compare the effect of light and/or heat to protein 
phosphorylation: overnight treatment at 25°C in the dark (D25), 30 min treatment at 25°C 
in the light (L25), 30 min treatment at 40°C in the dark (D40), and 30 min treatment at 
40°C in the light (L40) (Fig. 3-1a). Among samples from these four treatments, Fv/Fm 
decreased only in D40 as shown in Chapter I (Fig. 1-2) and D25 treatment did not affect 
the PSII activity (Fig. 3-1b). Protein profiles were not significantly affected (Fig. 3-2a; 
CBB staining). Phosphorylation levels of PSII core proteins and LHCIIs were detected by 
using anti-p-Thr antibodies (Fig. 3-2a; p-Thr), and they were quantified by densitometric 
analysis (Fig. 3-2a; graphs of right panel). Phosphorylation levels of the PSII core 
increased in D40 and L40, suggesting that high temperature enhanced the 
phosphorylation of D1 and D2 proteins. Phosphorylation levels of LHCII slightly 
increased in L25 than in D25 and increased more significantly in D40 and most 
abundantly in L40. Phosphorylation of LHCII is an important step for initiating the 
transition from state 1 to state 2. It is possible that most progressive state transitions 
occurred in L40. In addition, phosphorylated Lhcb1 and Lhcb2, which can be used as 
state 2 markers, were separated from non-phosphorylated proteins by using Phos-tag
TM
 
SDS-PAGE (Fig. 3-2b). As expected, phosphorylation of Lhcb1 and Lhcb2 were 
enhanced by light and/or heat.  
 
Increase of PSI-LHCII Supercomplex Coincided with Phosphorylation of 
Thylakoid Proteins 
 
An increase in the amount of PSI-LHCII supercomplex by light and/or heat coincided 
with an increase in phosphorylation of thylakoid proteins (Fig. 3-3a; left panel). The ratio 
of PSI to PSI-LHCII estimated by densitometric analysis showed that the D40 thylakoid 
had the largest amount of PSI-LHCII and was subsequently much higher in L40 than in 
D25 or L25 (Fig. 3-3a; right panel). The molecular weight of the PSI-LHCII 
supercomplex was estimated to be ~720 kDa and that of the PSI supercomplex was ~660 
kDa. The 60-kDa difference between their apparent molecular weights is similar to the 
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apparent molecular weight of an LHCII trimer (75 kDa), indicating that the PSI-LHCII 
supercomplex has one LHCII trimer as reported in Arabidopsis (Kouřil et al. 2005). To 
obtain further details about the composition of PSI-LHCII, bands of PSI-LHCII and PSI 
were excised from a BN-PAGE gel and subjected to subsequent SDS-PAGE (Fig. 3-3c). 
Protein profiles of these complexes showed that the PSI supercomplex contained PsaA, 
PsaB and LHCI, and the PSI-LHCII supercomplex also contained LHCII (Fig. 3-3c; left 
and middle panel). Four types of LHCIIs (Lhcb1, Lhcb2, CP29 and CP24) in PSI-LHCII 
supercomplex were detected by subsequent immunoblotting and a part of Lhcb1 and 
Lhcb2 was phosphorylated (Fig. 3-3c; right panel).  
 
State 2 Induced by Moderate Light within a Few Minutes 
 
Most of the reports on state transitions conventionally adopted the light quality (blue 
light)-induced state 2 both in Chlamydomonas and in Arabidopsis and the mechanism of 
state transitions has been demonstrated. However, the results of protein profiles indicated 
the possibility that light affects the state change. Compared with state 1 control (D25), the 
phosphorylation level of LHCII and the amount of PSI-LHCII supercomplex increased in 
L25 (Fig. 3-2, 3-3), indicating that moderate light conditions also induced state 2. It has 
been recently reported that LHCII was phosphorylated in natural light conditions and a 
part of the phosphorylated LHCII migrated toward PSI as an effective antenna (Wientjes 
et al. 2013a), suggesting that the transition from state 1 to state 2 is induced even under 
natural light conditions. To reveal the detailed mechanism about white light-induced state 
2 in wheat, natural light-induced state 2 was compared to light quality-induced state 2 
from both biochemical and photochemical aspects.  
 The amount of PSI-LHCII supercomplex increased in a time-dependent manner 
under white light illumination, and the amount of supercomplex in L25 reached a similar 
level to state 2 control, blue light (BL), whereas low amounts of the supercomplex 
occurred in state 1 condition such as in far red light (FR) and D25 (Fig. 3-4; upper panel). 
The ratio of PSI to PSI-LHCII estimated by densitometric analysis supported that the 
PSI-LHCII supercomplex increased in a time-dependent manner under white light 
illumination and reached similar levels to BL in just 5 min (Fig. 3-4; lower panel). 
 The PQ reduction state after a time-dependent shift from a dark condition (D25) 
to light condition (L25 for 1, 3 and 5 min) was measured (Fig. 3-5a). At the beginning of 
AL illumination during first minute, as indicated by yellow shades, steady-state 
chlorophyll fluorescence (Fs) increased and subsequently decreased, suggesting detection 
of PQ reduction (i.e., electron introduction from PSII side) and subsequent PQ 
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re-oxidation (i.e., electron outflow toward the PSI side). In wheat treated with far red 
light for 30 min at 25°C (FR) and D25, which were used as the state 1 control, Fs showed 
a higher level than that of wheat treated with blue light for 30 min at 25°C (BL; state 2 
control) at the initiation of AL illumination. These peak areas were calculated by ImageJ 
software, and the relative peak areas are shown graphically (Fig. 3-5b). The state 1 
conditions such as in FR and D25 showed large peak areas, which indicate high levels of 
reduced PQ reduction. In state 1, the PSII associated with LHCII would have high levels 
of reduced PQ because PSII is preferentially excited and electron flow downstream of PSI 
without LHCII would not function smoothly. In contrast, the PQ pool was rapidly 
oxidized in BL, because LHCII may serve as an effective antenna for PSI (i.e., state 2). 
After white light illumination, peak area, which represents the level of PQ reduction, 
gradually became lower depending on the time and reached similar levels to BL after 5 
min of white light illumination (L25 for 1, 3 and 5 min; Fig. 3-5b).  
 The level of PQ reduction became lower and was accompanied by reconstitution 
of the PSI-LHCII supercomplex. These results indicate that state 2 was induced by white 
light illumination within 5 min. 
 
Enhancement of Introduction of Stromal Reducing Power into PQ at 40°C 
 
Although fig. 3-5 shows that L25 induced a functional LHCII association with PSI, the 
chlorophyll fluorescence analysis revealed a difference in the electron transport chain 
between the 25°C and 40°C wheat (Fig. 3-6). Introduction of stromal reducing power into 
PQ is an essential component of CEF mediated by NAD(P)H dehydrogenase (NDH) and 
the antimycin A-sensitive ferredoxin-quinone reductase (FQR). This activity is estimated 
by monitoring the transient increase in chlorophyll fluorescence after actinic light was 
removed. In this experiment, a wheat leaflet was placed on a heat block set at a desired 
temperature, and chlorophyll fluorescence was subsequently measured in a programmed 
sequence. As presented in fig. 3-6, a transient increase after actinic light removal was 
detected at 40°C (Fig. 3-6c) but not at 25°C (Fig. 3-6a, b), suggesting that the 
introduction of reducing power into PQ was enhanced at 40°C. In addition, this 
experiment indicated that most of the light energy was consumed non-photochemically at 
40°C even under moderate light intensity (190 µmol m
−2
 s
−1
). 
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Ultrafast Excitation of PSI at High Temperature in the Light 
 
Time-resolved fluorescence spectra (TRFS) measurements were performed to reveal the 
energy transfer in photosystems under various state 2 conditions. In TRFS of an L25 
wheat plant, a peak at approximately 680 nm at initiation due to PSII facilitated the 
formation of a peak at approximately 735 nm due to PSI red-Chlorophyll (Pålsson et al. 
1995) (Fig. 3-7; left panel). The L25 sample revealed that chlorophyll fluorescence of 
PSII occurred immediately after Chl excitation, and then Chl fluorescence of PSI 
occurred after 85 ps. TRFS of the D40 sample was identical to that of L25 (Fig. 3-7; 
middle panel). In contrast, TRFS of the L40 sample was different from that of L25 and 
D40 (Fig. 3-7; right panel). A large peak in PSI Chl fluorescence at approximately 735 
nm was detected immediately after Chl excitation, whereas PSII fluorescence of the L40 
sample was lower at the very initiation of Chl excitation and then became almost identical 
to L25. This suggests that the PSI in L40 is excited at ultrafast speed by light energy 
through a particular kind of LHCII protein that can connect with PSI, although only for 
L40.  
 
Most Significant Structural Changes in Thylakoid Membranes in L40 
 
Phosphorylation of D1 and D2 proteins is believed to be closely related to the structure of 
thylakoid membrane because the negative charge of phosphate groups influences the 
surface charges of thylakoid membranes, resulting in unstacked, appressed membrane 
regions by electrostatic repulsion (Chuartzman et al. 2008; Fristedt et al. 2009). Therefore, 
it has been suggested that state transitions and the ultrastructure of thylakoid membranes 
are closely related (Allen and Forsberg 2001), and an increase in the unstacked grana 
region has been observed in light-induced state-2 chloroplasts. Transmission electron 
microscopy (TEM) was used to reveal the ultrastructure of the thylakoid membranes in 
leaf chloroplasts of various light and temperature conditions.  
 In L25 seedlings, thylakoid membranes formed rigidly appressed grana stacks 
and stroma lamella (Fig. 3-8; L25). After blue light treatment (BL), which is well known 
to induce state 2 (Bellafiore et al. 2005; Lunde et al. 2000), unstacking of thylakoid grana 
increased (Fig. 3-8; BL). The dissociated grana following BL was similar to the 
appearance of the grana in blue light induced state 2 in Arabidopsis (Chuartzman et al. 
2008). D40 thylakoid showed stacked grana similar to L25, although the phosphorylation 
levels of D1 and D2 proteins were highest among these conditions. After the L40 
treatment, many of the grana unstacked and the most intensive structural changes in the 
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thylakoid membranes were observed. In addition, lumen expansion was observed in the 
thylakoid layer that was closest to the stromal side of grana margins (red dotted circle) 
and stroma lamellae (orange dotted circle) in L40 (Fig. 3-8; L40). D25 thylakoids showed 
comparatively unstacked grana whereas the phosphorylation levels of D25 were the 
lowest of all the samples as shown in fig. 3-2. It seems that the greatest structural changes 
in L40 and the blue light-induced unstacking did not share a mechanism to dissociate 
thylakoid membranes. 
 
Discussion 
In this chapter, it has been revealed that there are various states that are affected by light 
and heat conditions. In D25 (overnight at 25°C in the dark) and L25 (30 min at 25°C in 
the light), photochemical reactions were dominated by LEF (Fig. 3-6a, b), although CEF 
was predominant in L40 (30 min at 40°C in the light) (Fig. 3-6c). In Chlamydomonas, the 
effect of state transitions on the promotion of CEF has been well established (Wollman 
2001), and recently, the PSI-LHCI-LHCII-FNR-Cyt b6f-PGRL1 supercomplex that drives 
CEF was isolated under state 2 conditions (Iwai et al. 2010). PGRL1 and PGR5 are 
considered to be involved in switching between LEF and CEF in Arabidopsis (DalCorso 
et al. 2008). However, in contrast with the situation in Chlamydomonas, state 2 is not 
responsible for promoting CEF in Arabidopsis (Pesaresi et al. 2009). In addition, the 
association of LHCII with PSI is thought to have evolved from a short term response in 
green algae to a long term response in higher plants (Wientjes et al. 2013a). The PSI of 
higher plants requires LHCII to promote LEF even under normal growth conditions such 
as L25. The state 2 observed in L25 would be characteristic for state 2 in higher plants, 
which promots LEF but not CEF. CEF with state transitions in higher plants would be 
activated under various environmentally stressful conditions such as heat stress (Sharkey 
2005) or salt stress (Lu et al. 2008) . 
 In Arabidopsis, phosphorylation of both PSII core proteins through STN8 
(Vainonen et al. 2005) and LHCIIs through STN7 (Bellafiore et al. 2005) is activated 
depending on the reduced redox state of the PQ pool, which is introduced by the docking 
of PQH2 to the Qo site of the Cyt b6f complex (Vener et al. 1997). PQ reduction observed 
at the beginning of AL illumination in D25 (Fig. 3-5a), which was caused by LEF from 
PSII, enhanced phosphorylation of PSII core proteins, D1 and D2 proteins, and the LHCII 
proteins Lhcb1 and Lhcb2 (Fig. 3-2). This led to a transition toward state 2 and the 
enhancement of LEF as a long-term acclimation to normal light conditions. Further 
phosphorylation of these proteins was detected at 40°C (as shown in fig. 3-2; D40 and 
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L40), which would be caused by over-reduction of PQ. Over-reduction of PQ is induced 
by accumulated stromal reducing power because of a decrease in the activity of the 
Calvin–Benson cycle, which mainly consumes NADPH (Sharkey and Zhang 2010). This 
process is stimulated under heat conditions (Havaux et al. 1991; Yamane et al. 2000) 
through NDH or FNR, which mediates the incorporation of stromal reducing power into 
thylakoid membranes. 
 CEF is beneficial for protecting photochemical reactions because the capacity to 
keep the PQ pool oxidized is the primary criterion responsible for acclimating to stressful 
conditions. With light, over-reduction of PQ may be avoided by induction of state 2 and 
activated CEF. Contribution by CEF to photosynthetic tolerance against heat stress was 
revealed in two Arabidopsis mutants, crr2 and pgr5, deficient in NDH-dependent and 
antimycin-A-sensitive FQR-dependent CEF, respectively (Zhang and Sharkey 2009). 
Although these CEF related proteins (such as NDH and PGRL1) have reported to form 
the complexes with PSI (Peng et al. 2009; DalCorso et al. 2008), any large 
supercomplexes could not be detected in L40 wheat by BN-PAGE (data not shown).  
 State 2 induction is dependent on the phosphorylation of LHCII proteins 
(Bellafiore et al. 2005). Immunoblot analysis showed that phosphorylated LHCII proteins 
were increased by light and/or heat such as in L25, D40, and L40 compared with state 1 
control, D25 (Fig. 3-2a). Lhcb1 and Lhcb2, which are the most abundant LHCIIs (major 
LHCII) forming mobile trimeric LHCIIs (Kouřil et al. 2005), showed increased 
phosphorylation levels in these samples (Fig. 3-2b). Phosphorylation of both Lhcb1 and 
Lhcb2 is required for state transition (Pietrzykowska et al. 2014) and that of Lhcb2 is 
particularly important because phospho-Lhcb2 is thought to provide the binding surface 
for PSI and to enable rapid transition from state 1 to state 2 (Leoni et al. 2013).  
 In the PSI–LHCII supercomplex, LHCII transfers its excitation energy from the 
Chl 611-612 pair, which are the lowest energy chlorophylls in LHCII, to Chl 11145 at the 
interface of PSI (Galka et al. 2012). The distance between the pair of chlorophylls in 
trimeric LHCII and PsaA permits efficient energy transfer from LHCII to PSI because 
trimeric LHCII are assigned to the binding site for the phosphorylated LHCII of PSI 
under state 2 conditions (Amunts and Nelson 2008). The PSI-LHCII supercomplex 
contained one trimeric LHCII as speculated by the molecular weight (Fig. 3-3b), which 
corresponds with the previous report in Arabidopsis where it was revealed that the 
trimeric LHCII has a specific binding site at the PSI-A, -H, -L, and –K subunits (Kouřil et 
al. 2005). The binding of the mobile trimeric LHCII to PSI in state 2 is more stable and 
stronger than that of the trimeric LHCII to PSII in state 1, and excitation energy transfer 
from the mobilization of trimeric LHCII to PSI is faster and more efficient than that from 
the mobilization of trimeric LHCII to PSII in dibromothymoquinone-induced state 2 
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(Galka et al. 2012). The function of the PSI-LHCII supercomplex, even in the same 
so-called “state 2 ,” differed between L25 and L40 because PSI in L40 was excited at an 
ultrafast speed by light energy (Fig. 3-7). The short distance between the pair of 
chlorophylls in a trimeric LHCII and PsaA is considered to be important for rapid 
excitation of PSI, and the small shift in LHCII toward PsaA in the absence of PsaK 
resulted in enhanced binding of LHCII (Zhang and Scheller 2004). It is possible that the 
L40 condition induced conformational changes that altered the distance between PsaA 
and LHCII, and enabled rapid excitation of PSI within 15 ps after Chl excitation. 
 Stacking of thylakoid membranes has been thought to depend on the net sum of 
hydration repulsion, electrostatic repulsion, van der Waals attraction, and entropy-driven 
attraction (Chow 1999). Among these forces, electrostatic repulsion caused by negative 
charges such as phosphorylated proteins is major factor opposing granal stacking. 
Dissociation of thylakoid membranes under state 2 could be caused by the negative 
charges of phosphorylated thylakoid proteins that induce unstacking of the stacked grana 
(Allen and Forsberg 2001; Fristedt et al. 2010). Phosphorylation of LHCII and PSII core 
subunits is believed to contribute to changes in thylakoid membrane stacking. In 
Arabidopsis, a stn8 mutant deficient in STN8 kinase, which phosphorylates PSII core 
proteins, revealed a significant increase in stacked thylakoids compared with those of 
Col-0 (Fristedt et al. 2009). Furthermore, a pbcp mutant deficient in PBCP kinase, which 
is required for efficient dephosphorylation of PSII proteins, showed a decrease in stacked 
thylakoid (Samol et al. 2012). These reports suggest that phosphorylation of thylakoid 
proteins induces dissociation of stacked membranes. Thylakoid membrane in BL, which 
was used as the state 2 control showed typical unstacked grana (Fig. 3-8; BL) as 
described in many reports (Chuartzman et al. 2008; Fristedt et al. 2009).  
 The greatest dissociation of thylakoid membranes was observed in L40 (Fig. 
3-7; L40), which apparently differed from the typical grana structure in state 2 as reported 
previously (Chuartzman et al. 2008; Fristedt et al. 2009). In addition to the dissociation of 
thylakoid membranes, the thylakoid layer closest to the stromal side of the grana margins 
(indicated by the red dotted circle in fig. 3-8) and the stroma lamellae (orange dotted 
circle) in L40 seemed to have lumen expansion. It has been recently reported that the 
height change in thylakoids requires both phosphorylation of LHCII and lumen expansion 
in response to the formation of a pH gradient (Clausen et al. 2014). In L40, the strong pH 
gradient, which was formed by activated CEF and the highly abundant phosphorylation of 
LHCII, would enhance lumen expansion and dissociation of stacked grana, resulting in 
significant structural height change. This hypothesis is also supported by evidence that 
the largest lumen expansion was observed in grana margins (particularly in the closest 
region to the stromal side) and stroma lamellae of L40 (Fig. 3-8; red and orange dotted 
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circle of L40). It is presumably due to activation of the pH gradient in grana margins and 
stroma lamellae because PSI and Cyt b6f, which involve CEF, are abundant in these 
regions (Scheme 1 in General Itroduction). In contrast, D40 thylakoids, in which LHCII 
was the second-most phosphorylated (Fig. 3-2a), had rigidly appressed grana stacks. 
Under dark conditions, a pH gradient is not formed; therefore lumen expansion did not 
occurr because this is required for lumen expansion to initiate dissociation of the 
thylakoid according to the model of Clausen et al. (2014). Thus, D40 thylakoid probably 
retained stacked grana.  
 In contradiction to the dissociation mechanism of the membranes, grana 
structure is thought to be maintained by nonspecific interactions by the positively charged 
peptides with the negatively charged surface of LHCII trimers between the opposite 
membranes (Standfuss et al. 2005). This is supported by the report that amiLhcb1 mutant 
deficient in Lhcb1 had fewer stacked thyalkoids and an abundance of Lhcb1, which 
modulated the height of the grana stacks (Pietrzykowska et al. 2014); although CURT1 
proteins modify the extreme curvature at the margins (Armbruster et al. 2013). The 
process of thylakoid dissociation would not be confined to the phosphorylation of 
thylakoid proteins and lumen expansion under these conditions because D25 thylakoids, 
which had a few phospho-proteins and was expected to not show lumen expansion, 
showed more dissociated grana (Fig. 3-8). Under dark conditions, an approach toward 
neutral pH on the stromal side may affect the surface charge of thylakoid membranes, 
resulting in slightly dissociated grana as shown in D25 (Fig. 3-8). 
 Phosphorylated LHCII was highly abundant and PSII core was also highly 
phosphorylated in L40 (Fig. 3-2a and 3-3a). In Arabidopsis, protein phosphorylation by 
STN7 and STN8 kinases increased the mobility of thylakoid proteins within the 
membrane (Goral et al. 2010). In L40 wheat, phosphorylation of D1 and D2 proteins and 
LHCIIs may play important roles in acquiring spatial extension between the opposite 
membranes and mobilizing trimeric LHCIIs from PSII to PSI by dissociating trimeric 
LHCIIs from PSII core and associating with PSI.  
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Conclusion 
 
 
 
In various plant species, the maximal photochemical quantum yield of PSII (Fv/Fm) 
decreased as a result of heat treatment in the dark (Fig. 1-2a, b). Under a moderately 
heat-stressed condition, the photosystems of higher plants are damaged in the dark more 
easily than they are in the presence of light. In Chapter I, to obtain a better understanding 
of this heat-derived damage mechanism that occurs in the dark, the research was focused 
on the involvement of the light-independent electron flow that occurs at 40°C during the 
damage. In the case of wheat, the most sensitive plant species tested, both Fv/Fm and 
oxygen evolution rapidly decreased by heat treatment at 40°C for 30 min in the dark (Fig. 
1-2a and 1-4a). In the damage, specific degradation of D1 protein was involved, as shown 
by immunochemical analysis of major proteins in the photosystem (Fig. 1-4b, c). 
Light-independent incorporation of reducing power from stroma was enhanced at 40°C 
but not below 35°C (Fig. 1-6). Arabidopsis mutants that have a deficit of enzymes that 
mediate the incorporation of stromal reducing power into thylakoid membranes were 
tolerant against heat treatment at 40°C in the dark, suggesting that the reduction of the 
plastoquinone pool may be involved in the damage (Fig. 1-7). In this heat-damage of PSII 
in the dark, the enhanced introduction of reducing power from stroma into thylakoid 
membranes that occurs around 40°C causes over-reduction of plastoquinone, resulting in 
the damage to D1 protein under heat stress without linear electron flow (LEF). Because 
light canceled the damage to PSII, the light-driven electron flow may play a protective 
role against PSII damage without light. 
 In Chapter II, the research demonstrated that regulating photochemical energy 
transfer in heat-treated wheat at 40°C with light contributed to heat tolerance of the 
photosystem. Chlorophyll fluorescence analysis using heat-stressed wheat seedlings in 
the light showed increased non-photochemical quenching (NPQ), which was due to 
thermal dissipation that was increased by state 1 to state 2 transition (Fig. 2-2a, b). 
Transmission electron microscopy revealed structural changes in thylakoid membranes, 
including unstacking of grana regions under heat stress in the light (Fig. 2-2c, d). It was 
accompanied by the phosphorylation of thylakoid proteins such as D1 and D2 proteins 
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and the light harvesting complex II proteins Lhcb1 and Lhcb2 (Fig. 2-3). The results 
suggested that heat stress at 40°C in the light induces state 1 to state 2 transition for the 
preferential excitation of PSI by phosphorylating thylakoid proteins more strongly. 
Structural changes of thylakoid membrane also assist the remodeling of photosystems and 
regulation of energy distribution by transition toward state 2 probably contributes to PQ 
oxidation; thus, light-driven electrons flowing through PSI play a protective role against 
PSII damage under heat stress. Further research was required to elucidate the detailed 
mechanism of heat stress-induced state transition; therefore, the research was performed 
to distinguish between light intensity-induced and heat stress-induced state transition in 
Chapter III.  
 In Chapter III, it was revealed that various state 2 conditions induced by light 
and/or heat conditions positively regulate photochemical energy transfer, probably 
because of adaptation to each environmental condition. At the onset of the light condition 
(25°C in the light), a part of the thylakoid proteins such as Lhcb1 and Lhcb2 is 
phosphorylated (Fig. 3-2), and the PSI-LHCII supercomplex was formed within 5 min, 
which coincided with PQ oxidation presumably due to induction of the LEF-predominant 
state 2 (Fig. 3-4 and 3-5). The PSI of higher plants requires LHCII as a functional 
antenna for PSI to promote LEF even under normal growth condition. This state would be 
a characteristic state 2 in higher plants, which promotes LEF but not CEF. Thermal 
dissipation induced by CEF was promoted in heat stress-induced state 2 (Fig. 3-6c, L40). 
At the same time, more phosphorylation of thyalkoid proteins (such as D1 and D2 
proteins and Lhcb1 and Lhcb2) were enhanced and the PSI-LHCII supercomplex further 
increased, which was a result of the ultrafast energy transfer from LHCII to PSI (Fig. 3-2, 
3-3 and 3-7). Furthermore, the most significant structural changes in thylakoid 
membranes were observed at 40°C in the light (Fig. 3-8). These results suggest that heat 
stress in the light induces more progressive state 2 than light-induced state 2 because the 
reorganization of photochemical reactions is a critical factor to avoid PQ over-reduction 
for acclimation.  
 Figure 4-1 shows a hypothetical diagram of the photosystems and electron flow 
under different light and temperature conditions. In the dark-adapted plants, PQ is fully 
oxidized and LHCII is associated with PSII, indicating that the photosystems of plants at 
midnight are in state 1 (Fig. 4-1; top panel, D25). At the beginning of illumination, 
activation of STN7 kinase triggered by reduced PQ induces state 2, LHCII proteins are 
partially phosphorylated, and LEF is activated to permit the smooth electron flow through 
PSI, which coincides with an increase in PSI-LHCII (Fig. 4-1; upper middle panel, L25). 
Higher plants would require this state 2, whereby part of the LHCII performs as an 
antennae of PSI, to generate NADPH without the damage derived from PQ 
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over-reduction even under natural light conditions. Under high temperature in the dark, 
the decrease of NADPH consumption by inactivated Calvin-Benson cycle leads to 
accumulation of NADPH in stroma, and then the enhanced introduction of reducing 
power from stroma causes over-reduction of PQ, resulting in the damage to D1 protein 
under heat stress without light-driven electron flow (Fig. 4-1; bottom panel, D40). In 
contrast, under high temperature in the presence of light, enhanced introduction of 
stromal reducing power would cause PQ reduction; thus, phosphorylation of thylakoid 
proteins and constitution of PSI-LHCII supercomplex are further enhanced (Fig. 4-1; 
lower middle panel, L40). The increased PSI-LHCII by heat stress with light would 
enable efficient energy transfer from LHCII to PSI and activation of CEF to induce 
thermal dissipation and to acidify the lumen. In the same called “state 2,” heat 
stress-induced state 2 showed different behaviors from light-induced state 2. Although 
PSI-LHCII supercomplex increased also in D40, it was non-functional to oxidize the PQ 
pool without light-driven CEF. In addition, it is possible that the structure of thylakoid 
membranes is involved in regulating photochemical energy transfer. Figure 4-2 shows a 
hypothetical diagram of the thylakoid membrane and electron flow in each type of state 2. 
At 25°C in the light, LEF is predominant with rigidly appressed grana stacks (Fig. 4-2; 
upper panel, L25). Under high temperature in the light, increased phosphorylated LHCII 
and lumen expansion induced by acidified lumen dissociates the thylakoid membranes. 
The most dissociated grana regions may consist of a special heat stressed PSI-LHCII 
supercomplex that permits rapid excitation of PSI and enhances CEF because the most 
drastic structural changes were observed only in L40. In addition, this dissociation of the 
membranes recovered within 30 min, indicating the possibility of positive structural 
change in thylakoid membranes (Fig. 4-2; lower panel, L40).  
 In conclusion, this study elucidated that plant photosystems induce a more 
progressive state 2 to protect photochemical reactions, particularly against heat damage to 
PSII, with reorganization of energy transfer, remodeling of photosystems and structural 
changes of thylakoid membranes. Under normal growth conditions, induction of state 2 
which enhances LEF was also revealed, suggesting that LHCII normally functions as a 
PSI antenna. In the case of Chlamydomonas, the photosystem is in state 1 under normal 
growth conditions and in state 2 when induced by high-light stress. However, because 
light harvesting underwater is limited, state 1 would be required to perform LEF with 
maximum efficiency. In contrast, land plants are generally exposed to stronger light than 
hydrophytic vegetation; therefore, light-induced state 2 should be a prerequisite to keep 
PQ oxidized, and LHCII have become functional antennae for PSI during evolution of 
higher plants. 
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